A thin lubricant film confined between two substrates in moving contact is studied using Langevin molecular dynamics with the coordinate-and velocity-dependent damping coefficient. It is shown that an optimal choice of the interaction within the lubricant can lead to minimal kinetic friction as well as to low critical velocity of the stick-slip to smooth-sliding transition. The strength of this interaction should be high enough (relative to the strength of the interaction of lubricant atoms with the substrates) so that the lubricant remains in a solid state during sliding. At the same time, the strength of the interaction should not be too high, in order to allow annealing of defects in the lubricant at slips.
The problem of friction between two substrates in moving contact is very important technologically as well as very rich physically [1, 2] . In recent years essential progress in understanding tribological phenomena has been achieved by the increase in the computational power that has made possible more realistic simulations of friction (see [2] and references therein).
Most mechanical devices use liquid lubricants to reduce friction, which typically provide friction coefficients of order * 0:1 in a smooth-sliding regime [1] (the tribological friction coefficient is defined as f=f l , where f is the driving force and f l is the load). When the width of the lubricant film is reduced to a few atomic layers, e.g., because of squeezing the lubricant out of the contact region due to high load at the moments when the sliding stops, a thin film usually solidifies [1, 2] . The lubricant structure, though, is strongly affected by the substrates, and the static frictional force f s is generally nonzero. At a low driving velocity v s the motion in such a system corresponds to stick slip, where short fast sliding events are separated by long sticking ones. The stick-slip motion is explained by the meltingfreezing mechanism: the film melts during slip and solidifies again at stick [3, 4] . When the driving velocity increases above some threshold value v c , the sliding becomes smooth. The critical velocity of this transition is of atomic scale [5] , v c 0:03 ÿ 0:1c, where c is the speed of sound (much lower v c values observed at macroscopic experiments are due to the concerted motion of many contacts [6] ).
On the other hand, the use of solid lubricants may be a very promising way, especially in microdevices, where conventional lubricants may often be ineffective or may even work like a glue. In an ideal case of the contact of two rigid crystalline incommensurate surfaces, the static frictional force f s is zero (moreover, the same is true even for commensurate surfaces if they are not perfectly aligned [7, 8] ). Similarly, if the lubricant film has a crystalline structure and is confined between two flat substrates with an ideal structure, the friction coefficient in such a perfect-sliding system may be as low as 10 ÿ3 -10 ÿ2 or even lower [5] . The critical velocity of the transition from stick slip to smooth sliding is also quite small, v c 10 ÿ2 c, and the stick-slip motion is now explained by the inertia mechanism [5] .
Unfortunately, such an ideal system can hardly be realized experimentally. Even specially prepared surfaces are not perfectly smooth on a mesoscopic scale, and a lubricant has typically numerous structural defects. As a result, the static frictional force f s is large enough, and the solid lubricant melts at the onset of sliding. Then, at stick, the film solidifies back, but, again, either into an amorphous state or into a state with many defects, because the cooling of the confined film is very rapid due to very good thermal contact with the substrates. According to simulation [5] , in such a system one finds > 0:1 and v c 0:1c; i.e., the tribological characteristics are of the same order as (or even worse than) those of liquid lubricants.
The aim of the present work is to explore whether the system itself may approach the desired perfect-sliding regime for a suitable choice of the solid lubricant. As is well known, the energy pumped into the system due to external driving has finally been converted into heat. Therefore, the effective lubricant temperature T must increase during sliding. It is this increase of the temperature that leads to the melting of the lubricant in the melting-freezing mechanism of stick slip [3, 4] . However, if T remains lower than the melting temperature T m , the lubricant film could remain solid and, at the same time, its structure may become more ordered due to the annealing of structural defects, especially if T is close to T m . Because T m is determined by the interactions within the lubricant, one may tune the parameters of interaction looking for a situation where T m * T
. In what follows we show that, indeed, a suitable choice of the parameters may lead to the desired self-ordering of the lubricant and consequently to the low values of the frictional forces.
Model.-In this study we use molecular dynamics based on Langevin equations with a coordinate-and velocity-dependent damping coefficient as described in [5] . Each of the substrates is made of two layers of 24 11 atoms organized into lattices of square symmetry, where the outermost layers are rigid, while the atoms belonging to the layers in contact with the lubricant are allowed to move in all three spatial directions. The outermost layer of the bottom substrate is kept fixed, while the outermost layer of the top substrate is driven with a velocity v s through an attached spring of elastic constant k s 3 10 ÿ4 . Between the substrates we put N 480 lubricant atoms as shown in Fig. 1 . In the x and y directions we use periodic boundary conditions (PBC).
All the atoms interact via the Lennard-Jones potential function, Vr V 0 r 0 =r 12 ÿ 2r 0 =r 6 , but the parameters V 0 (the amplitude of interaction) and r 0 (the equilibrium distance) are different for different kinds of atoms: for the interaction between atoms of the substrate the parameters are V ss 3 and r ss 3, for the lubricant-substrate interaction, V sl 1=3 and r sl 1 2 r ss r ll , and for the interaction between lubricant atoms, r ll 4:14 (an ''incommensurate'' case), while the amplitude of interaction V ll is varied from 0.1 to 1. This variation covers the whole range between the two limiting cases described in the introduction, namely, the cases of a liquid (''soft'') lubricant and of a solid (''hard'') lubricant. The atomic masses are m l m s 1. Throughout this Letter we use dimensionless units (for transformation to dimensional units see [5] ). Some of the simulation results for the cases of V ll 1=9 (soft) and V ll 1 (hard) lubricants have been presented in [5, 10] .
Unfortunately, in such a model with PBC, the results could be too sensitive to the number of lubricant atoms N: if N does not match exactly the number of atoms in closely packed layers, then extra atoms (vacancies) will produce structural defects, especially in small systems accessible in the simulation. To reduce uncertainties due to this difficulty, we used a geometry with a curved top substrate [11] as shown in Fig. 1 , when the z coordinate of the rigid layer varies along the x direction by z 1 2 r sl 1 ÿ cos2x=L, where L is the size of the substrate. Such a geometry is close to real experimental situations, where the surfaces are always rough, and our model describes, in fact, a single contact (asperity) between the substrates.
As an initial configuration, we always take the melted one driven with the high velocity v s 1 that corresponds to the smooth-sliding regime. Then the driving velocity was decreased and increased again by the steps v s 1, 0:3, 0:1, 0:03, 0:01, 0:03, 0:1, 0:3, 1, and 3, every step was simulated for time 2:1 10 4 , and the system dynamics was analyzed. All the results presented below are for zero substrate temperature and the normal force f z ÿf l ÿ0:1, which corresponds to the compression of the lubricant (all forces in the text and figures are per one substrate atom). We checked that our results do not change for a nonzero substrate temperature, as long as it does not exceed effective lubricant temperatures induced by sliding [5, 10, 12] .
Results.-Typical dependencies of the spring force f on time are presented in Fig. 2 . When the stage moves with a low velocity v s , the spring elongates and the force increases linearly with time until it reaches the static frictional force f s . At this moment the top substrate begins to slide and catches up with the stage, so that f decreases, the substrates stick again, and the whole cycle is repeated. This is the stick-slip regime shown in Figs. 2(a) and 2(c) . On the other hand, at a high stage velocity, the smooth sliding is observed, Figs. 2(b) and 2(d) , and the spring force is equal to the kinetic frictional force f k .
The mechanism of sliding, however, is different for soft and hard lubricants. In the soft-lubricant case [e.g., for [10] ), both in the smooth-sliding regime and at slips in the stick-slip regime. During sliding the lubricant is liquid, and the kinetic frictional force f k 0:02 only weakly depends on the sliding velocity v. Thus, for the soft lubricant, the stick-slip regime is due to the melting-freezing mechanism as was first described by Thompson and Robbins [3] .
In the hard-lubricant case, on the contrary, although the lubricant temperature T also increases due to sliding, it remains lower than the melting temperature T m [e.g., see Figs. 2(c) and 2(d) for the V ll 1 case, when T m * 0:4 [10] ]. Therefore, the lubricant does not melt during sliding, but remains in the solid state with the structure that it had at the onset of sliding (i.e., with numerous defects). For the hard lubricant, the stick-slip regime is due to an inertia mechanism (similar to the bistability of an underdamped driven atom in an inclined periodic potential [13] ). Note that now the kinetic frictional force f k essentially depends on the sliding velocity v (e.g., at low velocities f k scales with v as f k / v 5 [5] ). Now recall that the melting temperature of the lubricant film is proportional to the interaction amplitude V ll [4, 10] . Therefore, for an appropriate choice of V ll one can find a situation where T & T m , i.e., where the slidinginduced heating brings the system close to but lower than the melting temperature. In this case the lubricant will remain solid during sliding, but its structure may reorder due to the annealing of the defects. Although the slidinginduced heating also gives rise to a concurrent process of thermal generation of new defects, one could expect that for a suitable choice of V ll the annealing will be more important and the system will approach the ideal case of perfect sliding.
Simulations show that indeed this is the case. An example is shown in Fig. 3 for the case of V ll 0:5 with the driving velocity v s 0:1: the system is in the stick-slip regime at the beginning, but during slips the solid lubricant is heated and reordered, the structural defects (such as vacancies, interstitials, grain boundaries, etc.) are annealed, and the regime changes to the smoothsliding one. The configurations before reordering and after it are shown in Figs. 1(a) and 1(b) , respectively. In the former configuration, the lowest lubricant layer is highly commensurate with the substrate, so that the sliding begins at the middle of the lubricant by destroying the structural defects. On the contrary, in the latter configuration, the lubricant body is more ordered, while the lowest lubricant layer is now incommensurate with the substrate, so that the sliding easily occurs at this interface.
The friction force for different values of the interaction amplitude V ll is presented in Fig. 4 [12] . We emphasize that, because we do not use an artificially prepared initial configuration but a realistic one, the system chooses by itself during annealing and sliding; the values f s and f k are not unique but may change from run to run. This is indicated by ''error bars'' in Fig. 4 , which just show deviation of the corresponding values in different runs. For the small enough system used in the simulation, the concentration of structural defects can fluctuate significantly, so that the deviations of frictional force may be quite large, although the experimentally observed characteristics that are macroscopically averaged should be well defined. One can observe two clear-cut features of the behavior of the frictional force. First, as one can judge from the dependence of f k on v s , the mechanism of the stick-slip motion changes from the melting-freezing to the inertia mechanism at V ll * 0:5, i.e., for V ll =V sl * 1:5. Most importantly, one can observe that for V ll 0:8 the kinetic frictional force f k achieves a minimum as low as f k 10 ÿ4 ÿ 10 ÿ3 . The friction coefficient in this case takes values of order & 10 ÿ2 , which are more than 1 order of magnitude lower than those attainable with conventional liquid lubricants. Thus, we have shown that there exists the optimal choice of the strength of interatomic interaction V ll within the lubricant, which leads to the minimization of the kinetic friction as well as to the low critical velocity of the stick-slip to smooth-sliding transition. The optimal value of V ll should be high enough (relative to the amplitude V sl of the interaction of lubricant atoms with the substrates) so that the lubricant remains in a solid state during sliding. At the same time, the value of V ll should not be too high, in order to allow annealing of the structural defects in the lubricant. For the parameters used in the simulations, the optimum was achieved at V ll 2:5V sl .
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